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ABSTRACT
Vibrio fischeri bacteria form biofilms that facilitate symbiotic colonization of the
Hawaiian bobtail squid, Euprymna scolopes. These host-associated biofilms require production
of the SYP polysaccharide. However, it has been difficult to observe robust biofilm formation in
vitro in a laboratory setting using wild-type strain ES114; instead, most work investigating sypdependent biofilm formation has relied on genetically altered strains. Guided by recent findings
that increasing calcium induces c-di-GMP (Tischler et al., 2021), a molecule known in other
systems to promote biofilm formation, the question was posed as to whether high levels of
calcium alone could promote syp-dependent biofilm formation by ES114. Using shaking biofilm,
pellicle, and spot plate assays, we observed that ES114 could readily form a biofilm when
exposed to high levels of CaCl2. Within 24 hours, shaking cultures formed a ring indicative of
cellulose biofilm production, as well as sticky branching structures associated with activation of
SYP production. Pellicle assays revealed that ES114 could form cohesive (sticky) syp-dependent
pellicles within 24 hours of exposure to high levels of calcium. Although the results were less
consistent, ES114 typically produced sticky spots on plates within 5-8 days. Each assay required
a different type of media for most efficient biofilm production, an interesting result that could
result in further studies. In this research, a variety of gene deletion and overexpression strains
were used to determine if previously identified regulators are required for biofilm formation
under conditions of high calcium. Overall, this condition presents a new way to reliably induce
biofilms in wild type strain ES114, quickly compare the effects of gene deletion or
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over-expression on biofilm production in vitro, and to investigate mechanisms underlying
calcium-stimulated biofilm formation.

x

CHAPTER ONE
INTRODUCTION
Bacteria recognize their surrounding environment and respond to extracellular signals as
needed to ensure their survival (Papenfort & Bassler, 2016). For example, in response to signals,
some bacteria transition from a planktonic state to form a biofilm using many genes to produce
an extracellular matrix that protects the bacteria from its surroundings (Kostakioti,
Hadjifrangiskou, & Hultgren, 2013). While many bacteria use biofilms to cause damaging
infections in a host, a beneficial example is Vibrio fischeri, which forms biofilms that facilitate
symbiotic colonization of the Hawaiian bobtail squid, Euprymna scolopes (reviewed in
(Norsworthy & Visick, 2013) (Visick, Stabb, & Ruby, 2021)). This is a highly specific
relationship as V. fischeri are the only bacteria that successfully colonize the squid’s light organ.
Within the squid’s light organ, the bacteria produce bioluminescence that disrupts the squid’s
shadow, protecting the squid from predators and allowing it to hunt at night (Jones & Nishiguchi,
2004). In exchange, the bacteria can thrive within the squid, acquiring nutrients while being
protected (reviewed in (Tischler, Hodge‐Hanson, & Visick, 2019)).
Overview of Squid Colonization
As mentioned, to achieve this symbiotic colonization, V. fischeri requires biofilm
formation. An overview of the colonization process can be seen in Figure 1. The juvenile squid is
free of V. fischeri and ventilation by the squid allows seawater and bacteria into the squid where
the light organ is located within the mantle cavity (McFall-Ngai & Montgomery, 1990).
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Additionally, the ciliated epithelial surface of the light organ circulates the seawater. This brings
the bacteria towards the pores that are situated at the openings of the ducts of the light organ
(Norsworthy & Visick, 2013). This ciliated surface then releases mucin stores in response to
bacterial peptidoglycan (Fidopiastis et al., 2012; Nyholm, Deplancke, Gaskins, Apicella, &
McFall-Ngai, 2002). The bacterial cells are initially planktonic then adhere to a surface (in this
situation, the surface of the squid’s light organ). The cells transition to a sessile state where they
secrete exopolysaccharides to help form the biofilm around them (Donlan, 2002). The cells
continue to aggregate. Eventually the cells disperse from the biofilm to enter the light organ
(Christensen, Marsden, Hodge-Hanson, Essock-Burns, & Visick, 2020).

Figure 1. Juvenile E. scolopes and Its Light Organ On the left is a juvenile squid and on the
right is a close-up of half of the symbiotic light organ (shown in tan). Three pores, shown in
light orange, are attached to a duct, which leads into an antechamber and then the crypt spaces
where V. fischeri colonize. The indicated ciliated appendages on the surface of the light organ
help direct the flow of seawater that contains bacteria. In the upper right, a key shows what
each bacterial cell image represents. Initially, there are many bacterial species that enter the
squid, but V. fischeri is the primary species that colonizes the light organ. The cells begin
flagellated but become non-flagellated once in the crypt spaces. Figure created using
BioRender.
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Following dispersal from these biofilms, V. fischeri cells travel through ducts of the light
organ into the crypts where they colonize (Tischler et al., 2019). The migration to the crypts
requires the cells to be motile using flagella and to utilize chemotaxis (Norsworthy & Visick,
2013). Bacterial chemotaxis allows cells to alter movement direction based on environmental
cues, typically along a chemical gradient (Matilla & Krell, 2018). V. fischeri have 43 putative
methyl-accepting chemotaxis proteins (MCPs) that sense attractants and repellents in the
environment. These MCPs are considered highly diverse, indicating that V. fischeri cells need to
react to a variety of environmental conditions and niches, particularly as they alternate between
planktonic and sessile states (Aschtgen et al., 2019). The identities of the MCPs needed for V.
fischeri to utilize chemotaxis to find and colonize the light organ are unknown; however, there is
evidence that suggests chitobiose is an important chemoattractant that promotes colonization
(Mandel et al., 2012).
Aside from its vital role in cell motility, there is evidence of V. fischeri flagella having
purposes seemingly unrelated to motility. These flagella are each surrounded by a sheath, and it
was shown that the rotation of a cell’s sheathed flagellum releases outer membrane vesicles that
contain multiple cellular molecules, including peptidoglycan and lipopolysaccharide (Aschtgen
et al., 2016). These molecules influence the bacteria-squid interaction as well as symbiosisinduced developmental changes in the host. As mentioned before, the ciliated surface of the light
organ releases mucin in response to bacterial peptidoglycan, and there is also evidence that
lipopolysaccharide induces apoptosis of the squid’s superficial epithelium cells to cause
regression of the light organ’s ciliated field (Foster, Apicella, & McFall-Ngai, 2000).
It is important to note that other species of bacteria do enter the squid but are unable to
successfully colonize the crypts. A variety of reasons for this have been proposed. Studies have
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shown that the squid’s immune system may play a key role. Within E. scolopes, there are
hemocytes (blood cells involved in the immune response) that have been shown to bind to
bacterial cells within the squid (Koropatnick, Kimbell, & McFall-Ngai, 2007). Importantly, the
hemocytes bind to far fewer V. fischeri cells than to bacterial cells of similar species, indicating
the squid’s immune response may be aiding V. fischeri colonization (Nyholm, Stewart, Ruby, &
McFall-Ngai, 2009).
Another interesting feature of this symbiotic relationship is the cycle of expulsion of V.
fischeri by the squid, as it seems counterintuitive that a host would expel its symbiont on a
regular basis. The squid is nocturnal and requires the luminescence of V. fischeri at night, but
buries itself in sand during the day, eliminating the need for a large bacterial population in the
light organ. The squid expels roughly 95% of the bacterial cells following sunrise then the
bacteria remaining in the light organ repopulate for the next 12 hours before the squid is active
again at night. This cycle repeats daily (Ruby & Lee, 1998).
Importance of Biofilm Research
Simply put, a bacterial biofilm is a group of cells adhered to a surface and encased within
an extracellular matrix (Costerton, 1999). Bacterial biofilms are increasingly becoming a
dangerous health issue. Disease or infection-causing bacteria can form biofilms and become
resistant to antibiotics, allowing the ailment to progress without suitable treatment (Sharma,
Misba, & Khan, 2019). One such species is methicillin-resistant Staphylococcus aureus
(MRSA), which is one of the main pathogens able to cause chronic infections and is often drugresistant due to biofilm formation (Silva et al., 2021). Additionally, a major cause of concern is
that microbial biofilms can readily form on medical devices such as catheters and various
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implants and prosthetics (Sharma et al., 2019), impairing function and/or serving as a reservoir
for infections in other parts of the body.
With the rise of antimicrobial resistance, studying the process of biofilm formation,
particularly within a host, is highly important. The relationship between Vibrio fischeri and
Euprymna scolopes provides a simplified system in which certain pathways involved in biofilm
formation and colonization of a host can be studied (Norsworthy & Visick, 2013).
Biofilm Formation Overview
A bacterial biofilm is a community of bacteria usually attached to a surface and held together
or enclosed by a matrix that is a complex array of extracellular polymeric substances (EPS) selfproduced by the bacterial cells. These EPS include exopolysaccharides, lipids, DNA, and a
variety of proteins (Donlan, 2002; Flemming, Neu, & Wozniak, 2007; Schachter, 2007). There
are five main stages of biofilm formation: bacterial cells reversibly attaching to surface, cells
irreversibly attaching through the use of bacterial adhesins, formation of microcolonies and EPS
secretion, biofilm maturation, and dispersal. The use of signaling molecules between bacterial
cells appears to aid in both the biofilm maturation and initiation of dispersal (Cadieux, 2008;
Muhammad et al., 2020). The cells in a biofilm can range from a single species to a wide variety
of microbes and each biofilm is unique, particularly as biofilms are often used as a microbial
survival technique and adapt to their environment (Muhammad et al., 2020).
Biofilm Formation Steps
The initial step of biofilm formation is reversible attachment to a surface by planktonic
bacterial cells. A variety of factors come into play at this stage, including the physical properties
of the surface, such as the roughness and charge, whether cells are motile enough to overcome
potential environmental forces, and amount of nutrients in the surrounding media as the surface

6
may have a higher concentration of nutrients around or within it (Alotaibi & Bukhari, 2021).
This attachment may be aided by van de Waals forces, which are weak electrical forces that can
cause neutral molecules to be attracted to each other, helping bring cells to the surface
(Mohamed Zuki, Edyvean, Pourzolfaghar, & Kasim, 2021).
Following reversible attachment is irreversible attachment of the cells to the surface. This
second step occurs when the bacteria form a strong interaction with the surface due to bacterial
adhesins and EPS (Alotaibi & Bukhari, 2021).
In step three, irreversibly attached bacteria go from a planktonic to sessile state and form a
monolayer, allowing for microcolonies to begin to form and the cells continue to secrete EPS
(Hinsa, Espinosa-Urgel, Ramos, & O'Toole, 2003).
During the fourth step, microcolonies continue to form and the biofilm matures (Costerton,
1995). The EPS secreted by cells form the biofilm matrix. The resulting biofilm is a
heterogeneous, complex structure, often with a number of species and water channels that can
transport nutrients. Within the structure, cells typically grow and divide while being protected
against the surrounding environment and toxins, such as antibiotics (Donlan, 2001).
The final step of the biofilm process is detachment. The biofilm aggregate can be removed by
external force or dispersal of the cells via environmental signals or signaling between cells. One
such way the cells can induce dispersal is by producing extracellular enzymes that degrade the
biofilm matrix and allow the cells to be released (Kaplan, 2010).
Overall, the process of biofilm formation and dispersal is complex and diverse as the process
can be varied based on the species and environments involved.
.
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Cyclic di-GMP Importance
Both biofilm formation and motility are critical to squid colonization. One key regulator
of both processes is a small molecule, cyclic di-GMP (c-di-GMP). Higher levels of c-di-GMP in
the environment are correlated with increased biofilm formation, whereas lower levels are
indicative of less biofilm formation and more bacterial motility. These levels are changed based
on proteins called diguanylate cyclases (DGCs) and phosphodiesterases (PDEs). The former are
enzymes that synthesize c-di-GMP while the latter degrade c-di-GMP, which modulates
environmental and intracellular levels of c-di-GMP. Figure 2 shows that DGCs catalyze the
synthesis of two GTP molecules into c-di-GMP and PDEs either hydrolyze c-di-GMP directly
into two molecules of GMP or linearize it to 5’-phosphoguanylyl(3’,5’)-guanosine (pGpG)
(Kunz & Graumann, 2020; Stelitano et al., 2013). These behaviors are a result of key domains: a
GGDEF domain in DGCs and either an EAL or HD-GYP domain in PDEs (Valentini & Filloux,
2016). V. fischeri has numerous genes that encode DGCs and PDEs, as well as proteins that
contain the domains of both (Liang, 2015; Wolfe & Visick, 2010). Ongoing work in the Visick
and Mandel labs is seeking to understand the contribution of these proteins to biofilm formation,
motility, and colonization.
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Figure 2. Cyclic di-GMP Regulation Process Two molecules of GTP are synthesized into cdi-GMP by a diguanylate cyclase GGDEF domain. The c-di-GMP can be linearized into pGpG
by the EAL domain of a PDE or hydrolyzed back into two molecules of GTP by a PDE HDGYP domain. Higher levels of c-di-GMP are associated with increased biofilm formation and
lower levels are associated with increased cellular motility. Figure created using BioRender.
V. fischeri Biofilms: syp Transcription and syp-dependent Biofilm Formation
A wide variety of genes are involved in the production of Vibrio fischeri biofilms, as
shown in Figure 3. The two primarily studied exopolysaccharides are cellulose and symbiosis
polysaccharide (Syp). Syp is required for squid colonization, but there is no evidence that
cellulose is required as well (Shibata, Yip, Quirke, Ondrey, & Visick, 2012; Ziemba, Shabtai,
Piatkovsky, & Herzberg, 2016). Syp is produced by proteins encoded by the syp locus and many
regulators have a huge impact on syp production. Specifically genes that influence Syp
production are sypF, sypG, sypE, binK, rscS, hahK, and hnoX, although it is important to note
that most of these have been identified/characterized in the context of genetically engineered
strains, such as RscS or SypG overexpression, and the remainder in binK mutant strains (Hussa,
Darnell, & Visick, 2008; Ludvik, Bultman, & Mandel, 2021; Morris & Visick, 2013; Thompson,
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Marsden, Tischler, Koo, & Visick, 2018; Thompson, Tischler, Tarnowski, Mandel, & Visick,
2019; Tischler, Lie, Thompson, & Visick, 2018).

Figure 3. Pathway of Important Genes That Regulate Biofilm Formation/Dispersal SypG
directly activates the syp locus and is itself controlled by SypF. RscS and HahK induce SypF
production while BinK halts it. HnoX inhibits HahK and SypF regulates VpsR. Separately,
BinA negatively regulates cellulose biosynthesis and PdeV degrades cyclic di-GMP. Lack of
c-di-GMP results in LapD being inactivated, which releases LapG so it may cleave LapV and
contribute to biofilm dispersal. Figure created using BioRender.
Several of these genes encode two-component signaling proteins. These systems typically
include a membrane-bound sensor kinase and a response regulator, although the systems may
also be more complex depending on the simplicity of the sensor kinase and if intermediate
proteins are involved (Bretl, Demetriadou, & Zahrt, 2011). An outline of this system with a more
complex sensor kinase is shown in Figure 4. The kinase senses environmental signals that can
initiate autophosphorylation (Calva & Oropeza, 2006). The phosphorelay is the transfer of a
phosphate group, which in this case goes to an internal receiver domain, then often to a histidinecontaining phosphotransmitter (HPt) domain, which then donates the group to the response
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regulator (Kinoshita-Kikuta et al., 2015). Phosphorylation of the response regulator triggers a
conformational change to activate the effector domain, which elicits a response, such as altering
gene expression (Capra & Laub, 2012).

Figure 4. Two-Component Regulatory System Sensory domain of the sensor kinase responds
to signal by initiating phosphorelay at transmitter domain, where the phosphate group is
transferred to the receiver domain, then to the histidine phosphotransferase (Hpt) domain,
before being sent to the receiver domain of the response regulator. This can cause a
conformational change in the effector domain, which elicits a response, often in terms of gene
transcription changes. Figure created using BioRender.
SypG is a response regulator that is the direct transcriptional activator of the syp locus. Its
activity is controlled by SypF, which functions as a sensor kinase (Darnell, Hussa, & Visick,
2008). Two additional sensor kinase proteins, RscS and HahK, can feed into the pathway by
phosphorylating the Hpt domain of SypF, inducing syp transcription (Thompson et al., 2018).
HahK is regulated by HnoX, which inhibits HahK in the presence of high nitric oxide (NO) a
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substance secreted by the squid’s light organ. This negatively regulates syp transcription
(Thompson et al., 2019). BinK is another negative regulator of syp transcription that is thought to
be a sensor kinase acting to control activity of SypG, likely indirectly via the Hpt domain of
SypF (Ludvik et al., 2021). Additional Syp proteins of note are SypE and SypA which seem to
act as negative and positive regulators of SYP production that act post-transcriptionally (Morris
& Visick, 2013).
V. fischeri also produces the polysaccharide cellulose, which promotes biofilm formation.
Several key genes are involved in cellulose production. The bacterial cellulose biosynthesis
cluster (bcs) is responsible for cellulose production (Bassis & Visick, 2010). Studies show that
VpsR is a putative response regulator that induces transcription of the bcs locus (Darnell et al.,
2008; Tischler, Vanek, Peterson, & Visick, 2021). Experimentally, when vpsR was disrupted, the
cultures failed to properly adhere to surfaces, indicating that cellulose is involved in surface
attachment (Darnell et al., 2008).
Another gene that regulates cellulose and has helped experimentally show the role of
cellulose within V. fischeri is binA. BinA is a phosphodiesterase encoded immediately adjacent
to the syp locus. It breaks down cyclic di-GMP, resulting in a reduction of cellulose. This was
shown by deleting binA, which caused increased levels of cellular c-di-GMP and cellulose
production. Furthermore, a transposon insertion in the bcs locus reversed the effects of the binA
deletion, providing evidence that c-di-GMP is important for cellulose biosynthesis. It is likely
that c-di-GMP is binding to BcsA as the protein contains a c-di-GMP binding domain (PilZ);
however, it is possible that there are additional proteins involved, such as VpsR, which in V.
cholerae has been shown to bind c-di-GMP (Bassis & Visick, 2010; Hsieh, Hinton, & Waters,
2018).
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V. fischeri Biofilms: lap Genes
Another important component of these biofilms are adhesin proteins that aid in biofilm
formation. In V. fischeri, LapV has been identified as a critical adhesin for biofilm formation
(Christensen et al., 2020). In other systems, biofilm formation is initiated by adhesin molecules
that enhance cellular attachment to the surface; this may be the case for LapV during squid
colonization, but this has not yet been tested directly.
The main proteins that regulate these processes are programmed by lap genes, first and best
studied in Pseudomonas putida (Gjermansen, Nilsson, Yang, & Tolker-Nielsen, 2010;
Gjermansen, Ragas, Sternberg, Molin, & Tolker-Nielsen, 2005). The current model for V.
fischeri is modeled from work in P. putida and the similarity of genes/proteins and/or by analogy
(the adhesins are not genetically similar). The adhesin molecules, such as LapV, are translocated
across the inner and outer membrane to the cell surface likely by a type I secretion system
composed of LapB, LapC, and LapE (Christensen et al., 2020). A typical type I secretion system
consists of an outer membrane factor (OMF), membrane fusion protein (MFP), and ATP-binding
cassette (ABC) transporter. The OMF provides a channel through the outer membrane and
connects to the MFP, which connects to the ABC in the periplasmic space so the ABC
transporter may translocate proteins across the inner membrane (Tseng, Tyler, & Setubal, 2009).
Based on bioinformatics searches, LapE could be acting as an outer membrane factor, LapC as a
membrane fusion protein, and LapB as an ABC transporter (Christensen et al., 2020).
LapG is a protease thought to cleave the large adhesin protein, LapV. Evidence shows that
LapG may cleave LapV and aid in V. fischeri biofilm dispersal. It is hypothesized that the protein
LapD interacts with c-di-GMP. C-di-GMP activates LapD and active LapD can bind to LapG.
Bound LapG is prevented from cleaving LapV. Therefore, at high levels of c-di-GMP, more
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LapD is active and more LapG is bound; however, at lower levels of c-di-GMP, less LapD is
active so LapG is free to cleave LapV, which mediates dispersal (Christensen et al., 2020). If this
model is correct and relevant to squid symbiosis, LapV may promote initial adherence to the
squid and its removal from the cell surface when c-di-GMP levels drop may promote dispersal
from the biofilm, permitting migration into the light organ.
Control Over V. fischeri Motility
As previously mentioned, an important feature for V. fischeri is motility. It has been
experimentally shown using mutant strains that if a cell has fewer flagella, it results in both
decreased migration in agar and decreased squid colonization (Millikan & Ruby, 2004). There
are many genes associated with flagellar construction and motility, including flaABCDE (a locus
of flagellin genes) and fliQ (reputed to code for a flagellar protein) (Millikan & Ruby, 2004;
Visick, Hodge-Hanson, Tischler, Bennett, & Mastrodomenico, 2018).
FlrA is the master transcriptional flagellar regulator at the top of the flagella transcriptional
hierarchy. A loss of flrA results in completely nonmotile cells (Millikan & Ruby, 2003). It was
found in V. cholerae that c-di-GMP inhibits FlrA activity as well as prevents cellular motility
(Srivastava, Hsieh, Khataokar, Neiditch, & Waters, 2013).
Cellular motility is influenced by various signals and one of the key signaling molecules for
V. fischeri is c-di-GMP. Evidence shows that c-di-GMP levels can have a significant effect on
motility in V. fischeri and that in multiple Vibrio species, there is a link between increased c-diGMP, increased biofilm formation, and decreased motility (Dial, Eichinger, et al., 2021;
Guttenplan & Kearns, 2013; Hsieh et al., 2022; O'Shea, Klein, Geszvain, Wolfe, & Visick,
2006).
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Salt/Metal Ions That Impact V. fischeri Motility and Biofilms
Research has shown that magnesium and calcium influence V. fischeri motility (O'Shea et al.,
2005; Tischler et al., 2021). Studies have also been conducted that show magnesium, calcium,
and sodium can all impact V. fischeri biofilm formation (Marsden, Grudzinski, Ondrey,
DeLoney-Marino, & Visick, 2017).
It has also been shown experimentally that magnesium increases V. fischeri motility and
calcium inhibits motility (O'Shea et al., 2005; Tischler et al., 2021). Although studies show that
other species of Vibrio have sodium-driven flagella, there is no evidence yet of sodium having a
significant phenotypic effect on V. fischeri motility (Halang, Leptihn, Meier, Vorburger, &
Steuber, 2013; O'Shea et al., 2005). Experiments were performed using soft agar plates that
allowed the cell to swim outwardly. The resulting rings in the agar were measured to see how far
the cells migrated. With magnesium, it was discovered that the addition of either MgSO4 or
MgCl2 enhanced migration compared to un-supplemented media, indicating that it was Mg2+
ions impacting cellular motility. Microscopy confirmed that the increase in ES114 V. fischeri
motility in the presence of magnesium was due to an increase in the number of flagella per cell
and the number of cells in general that had flagella (O'Shea et al., 2005). In contrast, increasing
calcium concentrations inhibited motility of ES114 V. fischeri using the same type of soft agar
motility assay. Calcium also increased c-di-GMP levels, indicating that a DGC may be involved
as DGCs synthesize c-di-GMP and higher levels of c-di-GMP have already been associated with
decreased motility (Simm, Morr, Kader, Nimtz, & Römling, 2004; Tischler, Lie, Thompson, &
Visick, 2018; Tischler et al., 2021). A DGC, termed CasA, was discovered that responded to
calcium signaling. Various experiments demonstrated that CasA responds to the calcium signal
by synthesizing c-di-GMP and mediating induction of bcs transcription, thus inducing cellulose-
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dependent biofilm formation; however, while data showed that CasA also decreased motility in
response to calcium, evidence showed that cellulose was not responsible for the calciummediated motility inhibition (Tischler et al., 2021).
A biofilm-competent strain that overproduced RscS exhibited increasingly wrinkled and
cohesive colonies on spot plates as the concentration of either MgSO4, CaCl2, or NaCl, increased
(Marsden et al., 2017). These results showed that salts, particularly salts containing magnesium,
calcium, or sodium aid in biofilm formation. It is not surprising that these salts are beneficial to
V. fischeri as they are present in the seawater in which the bacteria is naturally found (Pilson,
2013). These experiments show that calcium is a biofilm-inducing signal for V. fischeri and can
induce robust biofilm production in genetically modified strains. This raises the question of
whether there is a condition in which calcium alone can induce biofilm formation in a wild type
strain.
Rationale/Goals
Historically, it has been difficult to establish V. fischeri biofilms in vitro and genetically
engineered strains have been required to do so (Nair & Nishiguchi, 2009). However, low levels
of calcium can induce biofilms in engineered strains that would not otherwise produce biofilms
(Tischler et al., 2018). Additionally, recent work has identified new conditions that permit ES114
biofilm formation in vitro by V. fischeri, dependent on the addition of both the vitamin, paraaminobenzoic acid (pABA), and low concentrations of calcium. This robust biofilm formation is
also dependent on the removal of yeast exact from LBS, the standard laboratory medium used to
grow V. fischeri, resulting in the medium termed tTBS (Dial, Speare, et al., 2021).
With this information, we posed the question of whether high calcium alone could induce
ES114 to form biofilms and if so, what regulators were required for this biofilm formation. An
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additional goal was to investigate the gene VF_0393 as, according to a BLAST analysis, it is a
putative homolog to the Escherichia coli transmembrane calcium transporter, YrbG (Sääf, Baars,
& von Heijne, 2001). If this is true, this gene may have a pronounced impact on biofilm
formation when deleted in high calcium conditions.

CHAPTER TWO
METHODS
Table 1. Bacterial Strains Used
Strain
KV5066
KV5367
KV6659
KV7226
KV8052
KV8148
KV8149
KV8154
KV8157
KV8158
KV8225
KV8242
KV8243
KV8290
KV8399
KV8593
KV8629
KV8946
KV8969
KV9027
KV9121
KV9157
KV9341
KV9376
KV9380
KV9472
KV9499
KV9553
KV9725
KV9726
KV9894
KV9900
KV9931
KV10020
KV10033
KV10054
KV10055
KV10094
KV10164

Species
E. coli
V. fischeri
V. fischeri
V. fischeri
E. coli
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri
V. fischeri

Genotype
lacIQ thi-1 supE44 endA1 recA1 hsdR17 gyrA462 zei-298::Tn10 DthyA::(erm-pir-116) (EmR TcR) with plasmid pEVS104
DsypF
DsypF attTn7::sypF-FLAG
DsypF attTn7::sypF-HPT-flag
lacIQ thi-1 supE44 endA1 recA1 hsdR17 gyrA462 zei-298::Tn10 DthyA::(erm-pir-116) (EmR TcR) with plasmid pKV496
DflrA::FRT
DhnoX::FRT
ES114 WT with plasmid pEVS141 (VC1086 overexpression vector control)
ES114 WT with plasmid pCMW121 (overexpression of VC1086)
ES114 WT with plasmid pCMW126 (overexpression of VC1086 inactivated)
DfliQ::FRT-Spec
DsypF::FRT-Erm
DbinK DVF0393::FRT-Erm
DflrA::FRT IG (yeiR-FRT-Erm/glmS)::PflrA-flrA
DfliQ::FRT IG (yeiR-FRT-Erm/glmS)::PnrdR-fliQ
DlapG
DlapV-1500::FRT
DVF0989::FRT-Spec
DpdeV::FRT
DbinA::FRT-Trim
DVF1515::FRT
DVF1200::FRT
DvpsR::FRT-Spec
ES114 WT with plasmid pJJC4
DsypQ::FRT DbcsA::FRT
ES114 Wild Type
DrscS::FRT-Erm
ES114 Wild type with plasmid pMMB-HS-Bc3-5, pVSV105 (vector control for c-di-GMP reporter strain)
DsypG::FRT
DsypG::FRT IG (yeiR-FRT/glmS)::PnrdR sypG (ES114)
DsypQ::FRT
DbcsA::FRT
DsypF::FRT
DsypE::FRT-Erm
DsypA::FRT
DsypF::FRT IG (yeiR-FRT-erm/glmS)::PnrdR-sypF-HPT-HA
DsypF::FRT IG (yeiR-FRT-erm/glmS)::PnrdR-sypF-HA
DhahK::FRT
DVF0393::FRT-Erm

Source/Reference
Visick Lab strain database; pEVS104: Stabb and Ruby, 2002
Norsworthy and Visick, 2015
Norsworthy and Visick, 2015
Norsworthy and Visick, 2015
Visick Lab strain database; pKV496: Visick et al., 2018
Visick et al., 2018
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick et al., 2018
Visick Lab strain database
Visick Lab strain database
Visick et al., 2018
Visick et al., 2018
Christensen et al., 2020
Visick Lab strain database
Visick Lab strain database
Christensen et al., 2020
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Tischler et al., 2021
Visick Lab strain database; pJJC4: Cohen et al., 2021
Christensen et al., 2020
Boettcher and Ruby, 1990
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
This study
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
Visick Lab strain database
This study

All V. fischeri mutant strains were derived from ES114.
For routine culturing of E. coli, I used LB. Liquid LB was made with 10 g of Fisher
tryptone, 5 g of yeast extract, 10 g of NaCl, 25 mL of 2 M Tris at a pH of 7.5, and 975 mL of
dH2O. 15 g of agar was added to make LB plates.
For routine culturing of V. fischeri and pellicle assays, I used LBS. Liquid LBS was
made with 10 g of Fisher tryptone, 5 g of yeast extract, 20 g of NaCl, 25 mL of 2 M Tris at a pH
of 7.5, and 975 mL of dH2O. 15 g of agar was added to make LBS plates.
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For shaking culture assays with V. fischeri, I used tTBS made with Fisher tryptone. For
spot plate assays, I used tTBS made with Difco tryptone. Liquid tTBS was made with 10 g of
Fisher or Difco tryptone, 20 g of NaCl, 25 mL of 2 M Tris at a pH of 7.5, and 975 mL of dH2O.
15 g of agar was added to make tTBS plates. For spot plate assays, 35 mL of medium was
pipetted onto each plate.
Tris minimal medium (TMM) used for natural transformation of V. fischeri was made
with reagents made to the final concentrations of 100 mM Tris at a pH of 7.5, 300 mM NaCl, 50
mM MgSO4, 0.33 mM K2HPO4, 10 µM ferrous ammonium sulfate, 0.1% ammonium chloride,
10 mM N-acetylglucosamine, 10 mM KCl, and 10 mM CaCl2.
For Congo Red assays, agar plates were made with 10 g of Fisher tryptone, 20 g of NaCl,
25 mL of 2 M Tris at a pH of 7.5, 15 g of agar, 40 mg of Congo Red, 15 mg of Coomassie Blue,
and 975 mL of dH2O. For calcium plates, 10 mL of 1 M CaCl2 was added to the medium after
autoclaving and prior to pipetting. For pABA plates, 0.5 mL of 0.5 M para-aminobenzoic acid
was added to the plate prior to pipetting. 25 mL of medium was used for each plate.
Table 2. Concentration of Antibiotics for Plates
Plates

Antibiotic

Media

Final concentration (µg/mL)

Ampicillin

LB

100

Chloramphenicol

LBS

1

Erythromycin

LBS

2.5

Gentamicin

LB

10

Kanamycin

LBS

100

Spectinomycin

LB

160

Tetracycline

LBS

2.5

Trimethoprim

LBS

10
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Table 3. Concentration of Antibiotics Added to 5 mL of V. fischeri
V. fischeri

Antibiotic

Final concentration (µg/mL)

Chloramphenicol

5

Erythromycin

2.5

Gentamicin

10

Kanamycin

100

Spectinomycin

200

Tetracycline

2.5

Trimethoprim

10

Table 4. Concentration of Antibiotics Added to 5 mL of E. coli
E. coli

Antibiotic

Final concentration (µg/mL)

Ampicillin

100

Chloramphenicol

12.5

Erythromycin

150

Gentamicin

10

Kanamycin

50

Spectinomycin

200

Tetracycline

7.5

Trimethoprim

10

Strain construction: Strains were constructed using the methods described in (Visick,
Hodge-Hanson, Tischler, Bennett, & Mastrodomenico, 2018). Briefly, both conjugation and
transformation approaches were used, as follows.
The unmarked DsypF strain KV9931 was derived from KV8242 (DsypF::FRT-Erm) by
triparental conjugation of KV8242 with KV5066, which carries the conjugal plasmid pEVS104
(Stabb & Ruby, 2002), and KV8052, which carries the flippase plasmid pKV496 (Visick et al.,
2018). Following selection for pKV496 (KanR), the resulting colonies were then screened for
erythromycin sensitivity. An ErmS, KanS colony was chosen for further work.
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The erythromycin resistant DVF_0393 strain KV10164 was constructed by natural
transformation of KV9376, a derivative of ES114 that carries the TfoX overexpression plasmid
pJJC4 (Cohen et al., 2021), with genomic DNA derived from KV8243 using a Zymo Research
DNA Miniprep Kit. Confirmation that pJJC4 (CmR) was lost was by screening for
chloramphenicol resistance. The resulting colonies were then screened for erythromycin
resistance.
Strain was confirmed by PCR as follows. Primers 2089 (sequence
CCATACTTAGTGCGGCCGCCTA; FRT site forward primer) and 2301 (sequence
TGAAGGTTCACATCAGCGAC; downstream reverse primer for VF_0393) were used in a
PCR reaction with Taq polymerase and cells from a colony. The expectation was that a correct
strain would yield a PCR product of ~1.5 kb, while an incorrect strain would fail to yield a
product at all.
Shaking culture assay: in an 18 × 150 mm glass culture tube, 5 mL liquid tTBS made
with Fisher tryptone, or another media if indicated, was inoculated with a strain of interest from
frozen and incubated with shaking overnight (~16 hours) at 24o C. The cultures were subcultured
at a 1:100 ratio into 13 × 100 mm glass culture tubes with 2 mL of fresh medium (containing
33.3 !L of 3 M CaCl2 to get a concentration of 50 mM calcium if necessary) and left shaking at
24o C for 24-48 hours. The tubes were imaged using an iPhone XS and disrupted using a VWR
Scientific Vortex-Genie 2 at vortex level 3.
Pellicle assay: in an 18 × 150 mm glass culture tube, 5 mL liquid LBS, or another media
if indicated, was inoculated with a strain of interest from frozen and incubated with shaking
overnight (~16 hours) at 24o C. The cultures were subcultured at a 1:100 ratio into 18 × 150 mm
glass culture tubes with 5 mL of fresh medium and left shaking at 24o C for 3-4 hours. The OD600
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of each culture was taken and each strain normalized to an OD600 of 0.2 with fresh medium in 2
ml in a 16-well plate (containing 33.3 !L of 3 M CaCl2 to get a concentration of 50 mM calcium
if necessary). Control wells of fresh medium with and without calcium were used. The plate was
left incubating statically at 24o C for 24-48 hours. The pellicles were imaged using a Zeiss Stemi
2000-C dissecting microscope before and after disruption generated by dragging a toothpick
across the top of each culture.
Spot plate assay: in an 18 × 150 mm glass culture tube, 5 mL liquid tTBS made with
Difco tryptone, or another media if indicated, was inoculated with a strain of interest from frozen
and incubated with shaking overnight (~16 hours) at 24o C. The cultures were subcultured at a
1:100 ratio into 18 × 150 mm glass culture tubes with 5 mL of fresh medium and left shaking at
24o C for 3-4 hours. The OD600 of each culture was taken and each strain normalized to an OD600
of 0.2 with fresh medium. Then, 10 !L aliquots were spotted onto tTBS Difco plates made the
same day. Plates with 50 mM calcium required 7.35 g powdered CaCl2 • 2 H2O added to the
medium prior to autoclaving for best results. After the spots were completely absorbed into the
plates, the plates were wrapped with parafilm, inverted, and left statically incubating at 24o C for
5-8 days. The spots were imaged using a Zeiss Stemi 2000-C dissecting microscope and
disrupted by lightly dragging a toothpick to determine colony cohesion (Christensen & Visick,
2020).
Congo Red assay: in an 18 × 150 mm glass culture tube, 5 mL liquid tTBS made with
Fisher tryptone, or another media if indicated, was inoculated with a strain of interest from
frozen and incubated with shaking overnight (~16 hours) at 24o C. The cultures were subcultured
at a 1:100 ratio into 18 × 150 mm glass culture tubes with 5 mL of fresh medium and left
shaking at 24o C for 3-4 hours. The OD600 of each culture was taken and each strain normalized

22
to an OD600 of 0.2 with fresh medium. Then, 10 !L aliquots were spotted onto Congo Red plates
made 1-3 days earlier. After the spots were completely absorbed into the plates, the plates were
inverted and left statically incubating at 24o C for 18-48 hours. Following incubation, for each
plate, a paper circle was placed on top of the agar. Even pressure was gently applied to the paper
then it was removed with tweezers and the transferred spots allowed to dry for 24 hours. The
spots were imaged using an iPhone XS.
Pellicle assay optical density measurements: To measure the OD600 of cultures forming
cohesive pellicles, the pellicle was removed using a toothpick and the remaining cells at the
bottom of the well resuspended using a pipette. The OD600 was measured with a 1:10 dilution.
Growth curve: in an 18 × 150 mm glass culture tube, 5 mL of different types of media
(depending on the experiment) were inoculated with strains of interest from frozen and incubated
with shaking overnight (~16 hours) at 24o C. The cultures were subcultured at a 1:100 ratio into
125 mL baffled flasks containing 25 mL fresh medium (containing 417 !L of 3 M CaCl2 to get a
concentration of 50 mM calcium if necessary) and left shaking at 24o C. Each hour until log
phase, 1 mL was taken from each flask and the OD600 was measured. After this, the OD600
measured every 15-30 minutes. When the OD600 was higher than 0.6, each aliquot of the culture
was diluted at either a 1:10 or 1:100 ratio prior to taking the next OD measurements. Flasks were
then left shaking overnight to obtain a 24-hour measurement the following day.
Statistical analysis: Statistical significance for quantitative data was determined using
Prism 9 and conducting unpaired t-tests (Mann Whitney tests) between two conditions.

CHAPTER THREE
RESULTS
Initial ES114 Experiments
My first goal was to determine if high calcium alone could induce ES114 biofilms in
vitro. This question was posed after initial experiments using a plasmid-containing derivative of
wild-type strain ES114 (KV9553) formed a biofilm when left statically in a medium containing
gentamicin, which was unexpected. It was then explored whether the plasmid, antibiotic, or
another factor was responsible for this strange result. After altering the media and amount of
antibiotic added, there was no conclusive explanation. However, during these experiments, the
medium was supplemented with a high level of calcium to see what would happen and biofilm
production dramatically increased. With this result, the next goal was to identify the ideal
medium and calcium concentration for each assay used.
The results of Dial et al. (2021) showed that the frequently used medium LBS was not
optimal for biofilm formation by ES114 and that removing yeast extract from the medium
revealed conditions that supported ES114 biofilm formation. The resulting new type of medium
was labelled tTBS and contained only tryptone, sodium chloride, and buffer. Based on those
results, the medium first tested for each assay was tTBS. Early on, I saw that the brand of
tryptone used significantly impacted results. One worked best for different assays, so the brand
of tryptone used for specific assays will be specified in paratheses.
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Shaking Biofilm Assays with ES114
Starting with shaking biofilms, I tested different concentrations of calcium to determine if
there was a concentration at which calcium alone could induce robust biofilm production for
ES114. Using tTBS (Fisher), I examined calcium concentrations ranging from 0 to 100 mM (Fig.
5 and data not shown). For this assay, a culture is considered to have robust biofilm formation if
it has a ring around the tube (attributed primarily to cellulose), a clump at the bottom of the tube
that remains cohesive when disrupted, and strings or “trees” throughout the culture. Repeated
experiments consistently showed the 50 mM calcium was optimal. At 40 mM calcium, robust
biofilms are still seen, but it takes about 48 hours to match the phenotype of 50 mM calcium
cultures at 24 hours. Higher concentrations than 50 mM calcium produced reduced biofilms,
possible due to diminished growth. Therefore, 50 mM calcium was the standard concentration
used for most experiments in my work.

20 mM Ca

30 mM Ca

40 mM Ca

50 mM Ca

60 mM Ca

70 mM Ca

Figure 5. Calcium Concentration Gradient of Shaking ES114 Cultures ES114 (KV9472)
cultures were grown in tTBS made with Fisher tryptone. After 24 hours shaking at 24 ℃,
cultures in 50 mM calcium produced the most robust biofilm.
Next, I determined if the brand of tryptone was experimentally relevant as prior evidence
showed that tryptone source may affect phenotypes (Visick lab, unpublished results; (De
Spiegeleer, Sermon, Lietaert, Aertsen, & Michiels, 2004)). Figure 6 shows a clear phenotypic
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difference based on the tryptone used to make the medium. ES114 shaking cultures were tested
under the same conditions in 50 mM calcium tTBS, the only change being the brand of tryptone
used to make liquid tTBS. With Fisher, I observed ring formation, a clump that was cohesive
when disrupted, and strings in the tube. With Difco, there were still rings, but the clump and
strings were diminished. To cover all bases, I also tested ES114 in LBS with 50 mM calcium, but
again, tTBS (Fisher) produced a much more robust phenotype comparatively (data not shown).
As a result, I used tTBS (Fisher) to make the medium for shaking culture assays moving forward.

A

B
tTBS Fisher

tTBS Difco

Figure 6. Tryptone Brand Differences in Shaking Cultures After 24 hours at 24 ℃ A.
shows shaking cultures of ES114 (KV9472) grown in tTBS made with Fisher tryptone and 50
mM calcium B. shows ES114 (KV9472) grown in tTBS made with Difco tryptone and 50
mM calcium. The cultures in medium made with Fisher tryptone show much more robust
biofilm production than those grown in medium made with Difco tryptone.
Throughout various early trials, the shaking cultures occasionally displayed a different
phenotype that I termed a “skirt.” The cultures had rings and cohesive clumps, but the strings
formed around the middle of the tube, as opposed to forming strings or “trees” that were attached
to the clump. After much troubleshooting, I determined that the likely cause of this difference
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was the position of each tube in the shaking incubator. Following more trials, it can be seen in
Figure 7 that the cultures kept further from the air flow source in the shaker produced the desired
phenotype with trees instead of skirts. In future experiments, the tubes were kept as far from the
air flow source as possible in order to obtain better results.

A. Tubes kept closer to air flow

B. Tubes kept further from air flow

Figure 7. Effect of Tube Position in Incubator Shaking culture phenotypes of ES114
(KV9472) grown in 50 mM calcium tTBS (Fisher) varied based on position in 24 ℃ shaker
after 24 hours. Tubes kept closer to air flow produced “skirts” instead of the preferred
phenotype of “trees.”
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In my first experiments, I was shaking the tubes by hand to determine if the clumps in
each culture were cohesive or dispersible. However, I wanted to standardize this method, so each
tube was disrupted in the same way each time. I chose to disrupt the tubes using a vortex always
set to shaking level 3 and this worked well in terms of keeping disruption consistent. At this
point, I videoed the disruption of many cultures to obtain better visuals of clumps being
disrupted. While not frequently used in my data, the videos did produce some good evidence of
which strains had cohesive or dispersible clumps. However, what I really wanted to see was if I
could use the vortex as a way to quantify biofilm robustness in shaking cultures. To test this, I
used a stopwatch to determine how long it took a clump to fully disrupt from the bottom of a
tube when shaken on the vortex machine. I did many trials but could not get consistent times for
any strains.
After the vortex timing did not work, I still wanted to quantitatively show the effect
calcium is having on shaking cultures, so instead I took the optical density (OD) of shaking
cultures. I measured ODs of ES114 shaking cultures with and without 50 mM calcium after 24
hours as well as the OD of the cultures in calcium after disruption. In shaking cultures, if a
culture is very turbid, it will have a higher OD, which indicates less biofilm. Clearer cultures
with cells in rings and clumps will have a lower OD, indicating more biofilm. As seen in Figure
8, after many replicates, a strong statistical significance is seen between each condition. This
shows that biofilm production of ES114 in tTBS (Fisher) is higher with 50 mM calcium than
without. Additionally, the disrupted cultures have a significantly decreased OD compared to
those with no calcium but have a higher OD than before disruption. This indicates that some

28
cells disperse with disruption, increasing the turbidity; however, the OD is still lower than the
cultures with no calcium, likely because many cells are still within the biofilm.
Shaking Culture ODs
3.5

3

2.5

OD600

2

1.5

****
***

1

****
0.5

0
TBS No Ca

TBS Ca

TBS Ca Dis

Figure 8. Shaking Culture Optical Density Comparison This graph compares the optical
density after 24 hours at 24 ℃ of ES114 (KV9472) shaking cultures in different conditions: in
tTBS Fisher with no calcium, tTBS Fisher with calcium, and the same tubes with calcium
disrupted using a vortex.
Pellicle Assays with ES114
Another type of biofilm routinely studied is a pellicle, which forms at the surface of a
static liquid culture. I tested the ability of ES114 to form pellicles when exposed to 50 mM
calcium in LBS and tTBS made with either Fisher or Difco tryptone. These were performed in
24 well microtiter dishes at 24°C for 24-48 hours. For a static liquid culture, an indication of
robust biofilm production is a sticky, cohesive pellicle. Interestingly, as shown in Figure 9, the
cultures in 50 mM calcium LBS had strikingly better pellicle production than those in either type
of 50 mM calcium tTBS. Cultures in tTBS (regardless of tryptone brand) formed thin, brittle,
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non-cohesive pellicles, whereas those grown in LBS developed sticky, fully cohesive pellicles.
This was unexpected considering the results of liquid shaking cultures where LBS diminished
biofilm production. Somehow, shaking cultures formed worse biofilms in the presence of yeast
extract, yet it was necessary for robust pellicles in static cultures.

A

B

Before disruption

tTBS (Difco)

After disruption

Before disruption

tTBS (Fisher)

After disruption

C
Before disruption

LBS

After disruption

Figure 9. Pellicle Assay Media Comparison Above shows ES114 (KV9472) pellicles with
50 mM calcium in various media after 24 hours static at 24 ℃. Both tTBS pellicles were thin,
fragile, and non-cohesive. The LBS pellicle was thicker, sticky, and fully cohesive, clearly
showing more robust pellicles.
Plate Biofilms with ES114
As I did for the past two sections, I tested ES114 on spot plates with 50 mM calcium. For
this assay, biofilm production is indicated by wrinkling and stickiness of the spot, as well as
cohesion when disrupted. This assay proved to be the most difficult to get consistent results from
and I had to try many, many conditions in an attempt to find one in which ES114 would
reproducibly form sticky, cohesive spots.
I experimented with ES114 spots on LBS, tTBS (Fisher), and tTBS (Difco) with 50 mM
calcium. I found that ES114 never formed cohesive spots on LBS or tTBS (Fisher) but could
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form cohesive spots after 5 days on Difco tTBS (Fig 10). However, I could not get this to occur
every time I ran the assay. Trying to find the cause, I altered a factor for each spot plate trial.

Before disruption

tTBS Fisher

After disruption

Before disruption

tTBS Difco

After disruption

Figure 10. Tryptone Brand Differences for Spot Plates ES114 (KV9472) spots with 50 mM
calcium in tTBS made with different tryptones after 5 days. The spots on plates made with
Fisher never displayed cohesive, while the spots on made with Difco were often cohesive.
In my first plate experiments, I had put the calcium in the medium prior to autoclaving
but was later informed by a member of my lab that it is typically added afterwards. So, one of
the initial things I tried was comparing the difference between adding calcium before and after
putting tTBS (Difco) agar in the autoclave. When I compared ES114 spots from each plate, the
ones on plates with calcium added prior to autoclaving sometimes exhibited stickiness/cohesion,
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but the spots on plates with calcium added after autoclaving were never sticky or cohesive. From
this point on, I added powdered calcium chloride up to 50 mM to tTBS (Difco) before
autoclaving the agar.
Before disruption

After disruption

Before disruption

After disruption

From 500 mL media

From 500 mL media + parafilm

From 250 mL media

From 250 mL media + parafilm

Figure 11. Effects of Amount of Medium Autoclaved Prior to Making Plates and
Wrapping Plates in Parafilm ES114 (KV9472) spots on 50 mM calcium tTBS plates made
with Difco tryptone after static incubation for 8 days at 24 ℃. The most consistently cohesive
spots were on plates made when 250 mL of medium was autoclaved and the plates were
wrapped in parafilm prior to incubation.
Upon further thought, I realized that I had been changing the amount of medium
autoclaved based on how many plates I thought I would need. I did several trials and autoclaved
100 mL, 250 mL, 500 mL, and 1 L of 50 mM calcium tTBS (Difco) agar then ran spot plate
assays with each type (Fig 11 and data not shown as plates made with 100 mL and 1 L resembled
500 mL results). Ultimately, I determined that the amount of medium being autoclaved had an
impact on the spot outcomes, with the best being 250 mL media autoclaved in a 500 mL flask.
However, there was still much variation between plates. Thinking through other potential factors,
I realized that the plates were stacked as they cooled and as a result, some plates had more
condensation on their lids than others. This led me to think that plate dryness may have an effect
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on spot phenotypes. With this in mind, I also tried making plates in the morning and spotting
ES114 in the afternoon, thinking the plates would be more wet than if I waited a day for them to
fully dry. Additionally, parafilm came to mind as my plates were in the incubator from 5-8 days
so may have been getting dried out. After all of these trials, I came to the conclusion that the
most consistent way to get sticky, cohesive ES114 spots on 50 mM calcium plates is to autoclave
250 mL tTBS (Difco) agar with calcium already added, spot bacteria the same day plates are
made, and parafilm the plates prior to incubation (Fig 11).
Growth of ES114 with High Calcium
In the Visick lab, my experiments and those of others (e.g., (De Spiegeleer et al., 2004))
have provided clear evidence that the source of tryptone can affect experimental outcomes.
However, there is little information on why this occurs. With this in mind, I performed growth
curves, shown in Figure 12, to assess whether the type of tryptone, as well as the addition of
calcium, affected ES114 cell growth. Calcium (50 mM) addition caused a substantial growth
defect regardless of tryptone source. However, cells grown in tTBS made with Fisher tryptone,
even with calcium added, grew significantly better than those grown in tTBS made with Difco
tryptone.

33
Representative Growth Curve
3.5
3

OD600

2.5
2
1.5
1
0.5
0
0

5

10

15

20

Difco

Difco Ca

25

Time (Hrs)
Fisher

Fisher Ca

Representative Growth Curve
3.5
3

Log(OD600)

2.5
2
1.5
1
0.5
0
0

1

2

3

4

5

6

7

8

Time (Hrs)
Fisher

Fisher Ca

Difco

Difco Ca

Figure 12. Growth Curves The graph in A. shows a representative growth curve of the
various trials of ES114 growing in different media conditions. The graph in B. is the same
growth curve but only shows the first 8 hours and the y-axis is on a logarithmic scale to see
the growth trends more clearly.
Effect on Biofilm Formation of bcs and syp Deletions
Once I established high calcium (50 mM) conditions under which wild type strain ES114
could form biofilms, I sought to determine the underlying factors responsible. Genetic variants of
ES114 form biofilms that are known to depend on one or both of the polysaccharides cellulose
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(encoded by the bcs locus) and SYP, as well as on the surface adhesin LapV (Christensen,
Marsden, Hodge-Hanson, Essock-Burns, & Visick, 2020; Shibata, Yip, Quirke, Ondrey, &
Visick, 2012; Ziemba, Shabtai, Piatkovsky, & Herzberg, 2016). I used a mutant strain with a
deletion in the bcs locus to see how the lack of cellulose impacted the robust biofilm production I
saw in wild type. Past work has shown that cellulose production is important for shaking biofilm
formation in the context of a binK deletion, but not for plate phenotypes (Tischler, Lie,
Thompson, & Visick, 2018). It has also been shown to be important for pellicle formation
induced by the addition of arabinose (Visick, Quirke, & McEwen, 2013). As seen in Figure 13,
in high calcium conditions, I found that a bcsA deletion mutant (KV9900), which blocks
cellulose production, resulted in a loss of ring for the shaking culture, but not loss of the cohesive
clump, although the clump was smaller compared to wild type. For standing cultures, the pellicle
was also still cohesive; however, it rarely adhered to the edge of the well as occurred for ES114.
Finally, on plates, the spot was cohesive as well, but lost some architecture. Thus, under 50 mM
calcium conditions, cellulose was primarily important for both shaking and static liquid cultures
and less so for spot plates.
Next, I assessed the consequences of mutations in syp that disrupt production of SYP
polysaccharide. SypG directly activates the syp locus, sypQ is a gene within the syp locus, and
SypA is thought to positively regulate SYP post-transcriptionally; therefore, they all have
importance in SYP biofilm formation. SypG (KV9725), sypQ (KV9894), and sypA (KV10033)
deletion strains all diminished or eliminated biofilm formation (Fig 14 and data not shown as
they all had the same phenotypes). In shaking cultures, these strains formed biofilms with fully
dispersible clumps, although they maintained rings. In static cultures, these syp mutants formed
fragile, non-cohesive pellicles. Finally, they failed to form colony biofilms with cohesion on spot
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plates. Thus, SYP seems to be important for maintaining cohesion in both liquid (static and
shaking) and spot assays.
SypE is another protein believed to regulate SYP post-transcriptionally, although it has
been predominantly a negative regulator under conditions used in past studies (Morris & Visick,
2013). A sypE deletion strain exhibited increased biofilm formation in all assays, as seen in
Figure 15. In shaking cultures, there were more strings and a larger cohesive clump relative to
ES114. While hard to observe in photos, the pellicles produced were thicker than wild type. On
plates, the sypE deletion strain consistently produced very cohesive spots, even on plates where
wild type was not cohesive. All of these results further show that cellulose and SYP are very
important for robust V. fischeri biofilm production.
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Figure 13. BcsA Deletion Results After 24 hours at 24℃, △bcsA (KV9900) strain shows a
loss of ring and strings in shaking culture but maintains a cohesive clump as well as
stickiness and cohesion after 24 hours in pellicle assays and 8 days in spot assays.
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Figure 14. SypQ Deletion Results At 24 ℃ after 24 hours △sypQ (KV9894) strain shows a
loss strings and clump cohesion in shaking culture but maintains a cellulose ring. It also
loses cohesion after 24 hours in pellicle assays and after 7 days in spot assays.
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Figure 15. SypE Deletion Results At 24 ℃ after 24 hours, △sypE (KV10020) produced more robust biofilms compared to
ES114 wild type (KV9472) in liquid cultures after 24 hours and more cohesive spots on plates after 6 days.
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Effect on Biofilm Formation of lap and pdeV Deletions
Following the investigation of polysaccharides involved in biofilm formation, I looked
into genes relevant to the dispersal of biofilms. I assessed roles for genes involved in the surface
localization of the large adhesin LapV. Loss of LapV diminishes biofilm formation of a binK
mutant, while a mutant defective for LapG, a putative protease that cleaves LapV from the cell
surface, permits biofilm formation in shaking cultures containing 10 mM calcium (Christensen et
al., 2020). As shown in Figures 16 and 17, assays using these gene deletion strains show
expected results: a lapV deletion mutant (KV8629) exhibited reduced biofilm production in both
shaking and pellicle cultures while a lapG deletion mutant (KV8593) exhibited increased biofilm
formation. The lapV deletion mutant produced a more turbid culture with less of a ring and fewer
strings compared to wild type in shaking cultures. It also produced a thinner, less cohesive
pellicle than wild type. The lapG deletion mutant produced a more clear culture with more
strings compared to wild type in shaking. The lapG deletion mutant had an interesting pellicle
phenotype where it seemed to have two layers to its pellicle. The first layer was highly cohesive,
more so than wild type, but the second later was not cohesive. Overall, I would say the lapG
deletion mutant exhibited had a more robust pellicle than wild type as the two layers made it
thicker and the top layer was highly cohesive. Finally, both deletion strains looked very similar
to wild type on spot plates. This is not surprising as these proteins are involved in biofilm
dispersal, which is not particularly relevant for cultures on solid agar plates.
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Figure 16. LapV Deletion Results At 24 ℃ after 24 hours, △lapV (KV8629) exhibited less robust
biofilm production than ES114 wild type (KV9472) in liquid cultures. However, it did not have a
significant defect on spot plates at 24 ℃ after 5 days.
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Figure 17. LapG Deletion Results At 24 ℃ after 24 hours, △lapG (KV8593) exhibited more robust
biofilms compared to ES114 wild type (KV9472) in liquid cultures. However, it did not have a
significant effect on spot plates at 24 ℃ after 7 days.
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PdeV is a phosphodiesterase (PDE) that degrades c-di-GMP and is thought to mediate
biofilm dispersal by lowering intracellular levels of c-di-GMP, inactivating the protein LapD.
With LapD inactive, LapG is free to cleave LapV. Therefore, pdeV indirectly affects lap, so after
examining lap deletions, I ran the same assays with a pdeV deletion (Fig 18). In shaking cultures,
a pdeV deletion strain (KV8969) had a stronger phenotype than wild type, particularly a thicker
cellulose ring. In static culture, it produced a sticky, cohesive pellicle. The pellicle appeared
thicker than wild type, but it was difficult to show in an image. On spot plates, the pdeV deletion
closely resembled wild type, although the spot was more consistently cohesive than wild type.
Overall, the pdeV deletion mutant exhibited increased biofilm production.
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Figure 18. PdeV Deletion Results At 24 ℃ after 24 hours, △pdeV (KV8969) exhibited
increased biofilm production in liquid cultures and more reliably produced cohesive spots at
24 ℃ after 5 days.
SypF and Its Regulators
SypF differs from the syp genes mentioned earlier as it functions as a sensor kinase with
an Hpt domain that is able to donate a phosphate group to a response regulator. This domain
could theoretically induce sypG and the rest of the biofilm-promoting syp locus without the rest
of the sensor kinase present as the Hpt domain can be phosphorylated by the sensor kinases RscS
and HahK, allowing it to activate SypG (Tischler, Lie, Thompson, & Visick, 2018). This has
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been shown to be possible experimentally both in vitro and in vivo (Norsworthy & Visick, 2015).
Initially, I tested a regular sypF deletion strain (KV9931) as a baseline and got phenotypes that
resembled the sypQ deletion results in Figure 14. The shaking culture had no strings but
maintained a ring and its clump was dispersible. In a static culture, a pellicle formed but it was
very thin and non-cohesive. The spot on solid plates was also completely non-cohesive. These
results are consistent with a loss of syp-dependent biofilm formation but the presence of
cellulose-dependent biofilms. With the information that deleting sypF significantly diminishing
biofilm production, I ran a pellicle assay with two strains (as well as their complements) that had
all of sypF deleted except for the Hpt domain (Fig 19). One Hpt domain strain was HA-tagged
(KV10054) and the other FLAG-tagged (KV7226); these two constructs also differ in the
identity of non-native promotor driving transcription of sypF. The DsypF mutant complemented
with the HA-tagged SypF Hpt domain or SypF-HA (full length) (KV10055) both resembled a
complete sypF deletion while the DsypF mutant with the FLAG-tagged SypF Hpt domain or the
full-length SypF-FLAG (KV6659) both partially restored the phenotype to that of wild type. It is
possible that the tags interfered with protein production, causing the lack of robust biofilm
production. The FLAG-tagged strains formed pellicles that were sticky, but not as cohesive as
wild type. Although it did not resemble wild type, the FLAG-tagged Hpt domain strain did
phenocopy the FLAG-tagged full length sypF complement, providing further evidence that the
Hpt domain alone may be sufficient, likely due to RscS or HahK involvement, to induce biofilm
production.
Following the experiments with SypF, I investigated the role(s) of the proteins that
activate it. First, I looked at RscS, which activates SypG through SypF, inducing syp production.
In accordance with this, in 50 mM calcium, a rscS deletion strain (KV9499) showed no strings
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and dispersible clump in shaking cultures but retained a strong ring. In a static culture, the strain
produced a pellicle, but it was fragile and non-cohesive. On plates, the strain produced
completely non-cohesive spots. Overall, deleting rscS significantly showed decreased biofilm
production compared to wild type in all assays (Fig 20).
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Figure 19. Effect of Affinity Tags on SypF and Attempted Complementation with SypF
HPT Domain Pellicle assays were in LBS with 50 mM calcium and incubated statically at 24
℃ for 24 hours. Compared to ES114 wild type (KV9472) and △sypF (KV9931), the HAtagged sypF complement (KV10055) and HPT domain (KV10054) more closely resembled
the deletion strain, whereas the FLAG-tagged complement (KV6659) and HPT domain
(KV7226) seemed to both complement fairly well and more closely resembled wild type.
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Figure 20. RscS Deletion Results At 24 ℃ after 24 hours △rscS (KV9499) strain shows a
loss strings and clump cohesion in shaking culture but maintains a cellulose ring. It also loses
cohesion after 24 hours in pellicle assays and after 6 days in spot assays.
HahK is another protein that may have an effect on SypF. It is a sensor kinase that can
phosphorylate the SypF Hpt domain to induce syp transcription. HnoX controls HahK by
inhibiting it when there is a high amount of nitric oxide present. I examined hahK (KV10094)
and hnoX (KV8149) deletion strains in 50 mM calcium. Due to their functions, I expected to see
a decrease in biofilm formation with hahK deleted and an increase in biofilm formation with
hnoX deleted. Instead, for both strains, there was no visible difference compared to wild type in
any assay (data not shown).
Effect on Biofilm Formation of vpsR and PDE Mutants
Since bcs was tested earlier, I chose to also look at a gene that induces transcription of the
bcs locus: VpsR. When deleted, I expected a decrease in cellulose production and thus decreased
cellulose-dependent biofilm formation. As shown in Figure 21, in a shaking culture, the vpsR
deletion strain (KV9341) resulted in a very turbid culture with an extremely faint ring and small
cohesive clump—a clump smaller than the ones from the bcsA deletion strain. In static culture,
the vpsR deletion did not produce any pellicle. On spot plates, the strain closely resembled wild
type. These results are somewhat consistent with those from the bcsA deletion experiments as the
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assumed decrease in cellulose impacted the phenotype in shaking and pellicle assays, but not on
plates.
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Figure 21. VpsR Deletion Results After 24 hours at 24℃, △vpsR (KV9341) strain shows a
loss of ring and strings in shaking culture, as well as a loss of pellicle production.
BinA also has an impact on cellulose production as it is a PDE that degrades c-di-GMP
and it has been shown experimentally that a binA deletion increases c-di-GMP levels and
cellulose production (Bassis & Visick, 2010). In a shaking culture assay, after 24 hours shaking,
the binA deletion strain (KV9027) had no strings and a very strong ring (Fig 22). Interestingly,
after 48 hours, the strain developed strings and retained a thicker ring compared to wild type. In
a static culture, the strain produced a very cohesive pellicle that resembled wild type in images
but looked thicker in person. On plates, the spots were cohesive and often became adherent to the
plate, showing that the binA deletion mutant exhibited increased biofilm formation.
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Figure 22. BinA Deletion Results A and B show wild type (KV9472) and △binA (KV 9027)
strains after shaking in tTBS (Fisher) 50 mM calcium at 24 ℃ for 24 and 48 hours,
respectively. After 24 hours, △binA had a stronger ring but less trees than wild type., After 48
hours, △binA had strings and still a strong ring, as well as a clearer culture than wild type.
After 24 hours static in LBS 50 mM calcium at 24 ℃, the △binA pellicle resembled wild type,
except potentially thicker. Following 8 days on tTBS (Difco) 50 mM calcium plates at 24 ℃,
the △binA spot culture has more architecture and was partially adherent to the plate,
indicating more robust biofilm production than wild type.
Following BinA, another PDE was examined, although in this case it was an
overexpressed V. cholerae protein. Since PDEs decrease biofilm formation and calcium induces
it, a strain in which the phosphodiesterase VC_1086 (KV8157) was overexpressed was examined
to see what the resulting phenotype would be. A vector control strain (KV8154) and a strain with
the overexpressed protein inactivated (KV8158) were used as controls. The strains were only

46
tested in shaking cultures. As seen in Figure 23, the overexpression strain was turbid with little to
no strings. It had a slight cellulose ring and a cohesive clump. In the presence of high calcium,
the overexpression of VC_1086 had significantly decreased biofilm production, but primarily
cellulose-dependent biofilms.

Vector Control

PDE Overexpression

PDE Overexpression Inactivated

Figure 23. Phosphodiesterase (PDE) Overexpression After 24 hours at 24℃ shaking, a
strain with an overexpression of the PDE VC_1086 (KV8157) is much more turbid and shows
a loss of strings compared to the vector control (KV8154) and a strain with the VC_1086
overexpression inactivated (KV8158). The overexpression strain had a less robust ring
compared to the inactive stain and it maintained a small cohesive clump.
Motility Defect Mutants
Since motility is important for squid colonization, and for biofilm formation in many
bacteria (Guttenplan & Kearns, 2013; Millikan & Ruby, 2004), I was interested to see if it was
required for biofilm formation in V. fischeri as well. FlrA is a master regulator of flagellar
transcription, and it has been shown that flrA deletion strains are non-motile (Millikan & Ruby,
2003). FliQ is a flagellar protein that is further down the flagellar hierarchy but is also known to
be required for motility in V. fischeri (Visick, Hodge-Hanson, Tischler, Bennett, &
Mastrodomenico, 2018). I tested a flrA deletion (KV8148) and fliQ deletion strain (KV8225) to
see the if a lack of motility inhibited biofilm formation (Fig 24). The strains had the same
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phenotypes as each other in each assay with 50 mM calcium. In shaking cultures, they had no
strings but maintained rings and cohesive clumps. Neither strain formed a pellicle in static
cultures, but they both resembled wild type on spot plates. It is likely that the cells from each
strain did not form pellicles as they could not swim to the surface, but they were able to from
some biofilm in shaking cultures due to the movement of the shaker, despite their lack of
motility.
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Figure 24. Motility Defect Strains After 24 hours at 24℃ shaking in tTBS (Fisher) 50 mM
Ca, △flrA (KV8148) and △fliQ (KV8225) had rings with strings and cohesive clumps, as well
as fairly clear cultures, but lost the “tree” structures. In the same conditions, except using
LBS, these strains formed no pellicles, whereas the △flrA complement (KV8290) and △fliQ
complement (KV8399) had cohesive, sticky pellicles.
Overall, I found that almost all key gene deletion or overexpression strains that I tested
produced a phenotype differing from wild type.
Pellicle Assay Optical Densities
With the same logic from shaking cultures that a higher OD indicates less biofilm, and a
lower OD indicates more biofilm, I compared the ODs from strains that formed cohesive
pellicles in 50 mM calcium. After carefully removing cohesive pellicles and resuspending
remaining cells, it seemed that only the OD of cultures containing cohesive pellicles that were
less robust than wild type achieved statistical significance. Strains such as sypE and pdeV
deletions where the pellicle could be considered thicker/stickier did not have significantly
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different ODs compared to wild type. As shown in Figure 25, lapV and bcsA deletion strains had
significantly higher ODs than wild type in 50 mM calcium. Additionally, the fliQ deletion
mutant, which does not form any pellicle, had a significantly lower OD than wild type. It can be
speculated that the fliQ motility defect strain had a low OD due to poor growth, perhaps from an
inability to move and access oxygen and/or nutrients not close to the bottom of the microtiter
dish. Many attempts were made to utilize this method to quantify results from non-cohesive
pellicles, but the results were too varied and unreliable to be presented here.
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Figure 25. Optical Density Measurements Following Removal of Cohesive Pellicles
Cultures were grown in LBS with 50 mM calcium and left incubating statically for 24 hours
at 24 ℃. bcsA (KV9900) and lapV (KV8629) deletion strains had significantly higher ODs
than wild type, indicating fewer cells within the biofilm pellicle that had been removed. The
fliQ deletion strain (KV8225) did not grow a pellicle but had a significantly lower OD than
wild type, likely because the lack of motility resulted in stunted bacterial growth.
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VF_0393
VF_0393 was a gene of interest as a putative homolog to the E. coli transmembrane
calcium transporter, YrbG (Sääf, Baars, & von Heijne, 2001). Initial experiments using KV8242
(originally labelled as a VF_0393 deletion strain) suggested that VF_0393 had a role in biofilm
formation. However, after many failed attempts to complement, it was determined via PCR that
the strain had been mislabelled and was a sypF deletion strain. A VF_0393 deletion strain was
then made and confirmed by PCR. In Figure 26 it can be seen, in both shaking and pellicle
assays, that the strain closely resembled wild type. At this point it was determined to stop
investigating this gene.
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Figure 26. VF_0393 Deletion Results △VF_0393 strain (KV10164) resembles wild type
fairly well A. shaking in tTBS (Fisher) and B. pellicle assays in LBS, both with 50 mM
calcium and after 24 hours at 24 ℃. This indicates it likely does not play a significant role in
biofilm formation.
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RNA Sequencing Results
To try to find other potential genes to investigate regarding biofilm growth in high
calcium conditions, we sent samples of ES114 grown in either 10 or 50 mM calcium for RNA
sequencing. Unfortunately, there were no genes with a statistically significant expression
difference between the two calcium concentrations. As a result, I had no new genes of interest to
explore and stuck with the original genes I planned on investigated.

CHAPTER FOUR
DISCUSSION
Until very recently, no known laboratory conditions permitted wild type ES114 V.
fischeri to robust biofilms, despite the fact that it can form biofilms in the context of its
symbiotic host (Nyholm & McFall-Ngai, 2003). Just before my arrival in the lab, Courtney Dial
discovered that ES114 could form a biofilm in the laboratory when the combination of paraaminobenzoic acid and calcium were provided in media lacking yeast extract, tTBS (Dial et al.,
2021). Using the work by Tischler et al. (2018) and Dial et al. (2021), the idea was proposed that
under the right conditions, calcium alone could be sufficient to induce strong ES114 biofilms in
vitro. ES114 was indeed able to form biofilms in three important phenotypic assays with the
addition of 50 mM calcium in certain types of media. This represents an important addition to
the field as it gives a second way to examine ES114 biofilms in vitro. Additionally, the speed at
which biofilms are produced in liquid cultures allows wild type and mutant strains to be quickly
compared.
This project sought to identify a new condition to produce ES114 V. fischeri biofilms in
vitro using only the addition of calcium as well as explore what genes are required for calcium to
induce biofilms under different conditions. I discovered that very specific conditions were
required for the induction of biofilms and varied depending on the assay. Temperature and
calcium concentration remained constant for each assay, but media composition, particularly the
brand of tryptone, made a large impact. It was determined early on that 50 mM calcium added to
media was able to induce robust biofilm production; however, Fisher brand tryptone was
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required for best results in shaking and pellicle assays and Difco brand was best in spot assays.
Additionally, yeast extract proved inhibitory for biofilm production in shaking and spot assays,
but vastly increased robustness of biofilm production in pellicles. Past research showed yeast
extract to be generally inhibitory for V. fischeri biofilms, so this result was interesting (Dial et
al., 2021). While it does not explain the increase in pellicle biofilm production, there is evidence
that yeast extract can contain antimicrobial peptides that could contribute to biofilm inhibition
(Zhao, Li, & Liang, 2013).
Further work to explain these results could involve analyzing the components of different
brands of tryptone, possibly by mass spectrometry, to isolate any differences between them and
conduct experiments based on those differences to determine what is causing dramatic changes
in phenotypes depending on the brand used. Along with that, it could be useful to analyze the
yeast extract and see if it contains peptides that have been shown to have an antimicrobial effect.
While not tested in my experiments, it would be interesting to compare if the brand of yeast
extract used in media has an impact on experimental phenotypes by running the same assays
with LBS made with different yeast extract brands.
One possible explanation for the difference in tryptones is a difference in the way the
casesins used to produce tryptone were made. Tryptone is created by the digestion of casein,
which is a protein in cow’s milk (Godbey, 2014). A review by Broyard and Gaucheron (2015)
explains that different factors during the processing of casein can alter the structure and
functionality of the molecules and micelles (spherical aggregates of molecules with a
hydrophobic core and hydrophilic shell that are suspended in liquid) (Islam & Fang, 2022). If
these factors are modified, it is possible for the amount of minerals and salts within the micelles
to change. Importantly, the calcium levels can be altered based on temperature, pressure, and
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many other factors (Broyard & Gaucheron, 2015). With this information, it can be speculated
that during the production of different tryptone brands, there are factors influencing the amount
of calcium in the casein micelles, resulting in differing calcium levels in tryptone brands. This
could mean that the concentration of calcium in media made using Fisher or Difco is actually not
50 mM. Future work to investigate this possibility could involve supplementing the tryptones
with various metals or salts when making media to see if there is a way to get to them to
phenocopy each other. If this is achieved, it could be evidence of that the differences between
brands involves their mineral content.
Another area where more investigation would be helpful is the variation of the wild type
phenotypes on spot plates. As previously mentioned, I believe part of the differences are the
result of plate wetness. A potential explanation for this is that on wetter plates, the cells begin to
aggregate prior to adhering to the plate, making them easier to disrupt with more cohesion.
Future experiments could include not inverting plates when incubating to allow the condensation
on the lid of plates to keep plates moist or spotting cultures before the plates have fully dried.
Currently, when calcium is added in laboratory conditions, 10 mM is considered standard
as it is roughly the concentration in seawater (Pilson, 2013). However, there is evidence that
Euprymna scolopes can have microenvironments within its body (Heath-Heckman et al., 2014).
Considering this, there is a possibility that there are areas with higher calcium concentrations
within the squid, possibly aiding in V. fischeri biofilm production. If possible, further research
into the internal environment of the squid, particularly the light organ, would be very useful.
It is known that calcium is a biofilm promoting signal, but as mentioned in the
introduction, it has been shown to have other roles as well that could potentially impact biofilm
production. For example, in various species, calcium ions have shown to impact bacterial
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movement, including swimming and flagella-based chemotaxis. Depending on the species,
removal of extracellular calcium can induce or inhibit movement (Campbell, 2017).
Additionally, in many species, including V. fischeri, calcium can increase the transcription of
some genes (Tischler et al., 2021). Possibly due to changes in gene expression, it has been shown
that removing extracellular calcium inhibits bioluminescence of Vibrio harveyi, indicating
another role of calcium (Campbell, 2017). Future work using V. fischeri in high calcium
conditions could explore these roles by examining potential changes in flagella, looking into
transcription differences of key genes, and measuring luminescence changes, all in the presence
of high calcium.
One of the unexpected results from my work came from the HA- and FLAG-tagged sypF
complement strains. Past research showed that a FLAG tag decreased biofilm induction when
used in a strain with an overproduction of active SypF (Norsworthy & Visick, 2015). My results
showed that a FLAG-tagged sypF complement strain closely resembled wild type, whereas the
HA-tagged complement strain resembled the sypF deletion strain. HA and FLAG tags are both
small affinity tags composed of polypeptides. Their small size means the tags should not have a
significant effect the on structure or activity of the target protein. One difference between the
tags is that the FLAG tag is hydrophilic, but that does not seem to explain the dramatic
phenotypic differences between tags; therefore, there is no clear reason for why the tagged
strains behave so differently (Zhao et al., 2013). Alternatively, the different sypF alleles could
yield different results because they were expressed from different promoters.
Overall, my work has introduced a new condition for V. fischeri ES114 wild type
biofilms to be induced in vitro, as well as identified several factors that influence biofilm
formation in vitro, such as tryptone source and air flow.

APPENDIX
SUPPLEMENTARY FIGURES
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Supplemental Figure 1. Additional Gene Deletions Strains were tested on 50 mM calcium tTBS (Difco) plates after static
incubation for 6 days at 24 ℃: ES114 wild type (KV9472), ∆VF_1200 (KV9157), ∆VF_1515 (KV9121), ∆"#_0989
(KV8946). The strains were all fairly cohesive, resembling wild type.
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For Supplemental Figures 2 and 3, all strains were made using natural transformation of either DbinA with plasmid
pJFB9 or DVF_0494 with plasmid pJFB9 (KV9195) and appropriate genomic DNA for a double deletion strain.
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Supplemental Figure 2. Diguanylate Cyclase Double Deletions with binA on Congo Red Plates Double
deletion strains of binA with various DGCs made during lab rotation were tested using a Congo Red assay to
determine if any DGC deletion could impact the extreme phenotype of a binA deletion. Both panels show strains
under four conditions but those in Panel A were incubated for 22 hours and in Panel B incubated for 20 hours at 24
℃ statically. Plates with calcium or para-aminobenzoic acid plates (pABA) contained 10 mM of either or both.
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Supplemental Figure 3. Diguanylate Cyclase Double Deletions with VF_0494 on Congo Red Plates Double
deletion strains of VF_0494 with various DGCs made during lab rotation were tested using a Congo Red assay to
determine if any DGC deletion could impact the extreme phenotype of a VF_0494 deletion. The strains in Panel A
were incubated for 20 hours and those in Panel B incubated for 18 hours at 24 ℃ statically. Panel A. identified that
VF_1639 and VF_0989 deletions caused a decrease in the robust phenotype of VF_0494 deletion. Panel B shows
those single deletion strains in comparison to the double deletions. Plates with calcium or para-aminobenzoic acid
plates (pABA) contained 10 mM of either or both.
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